background: Sono-automatic volume calculation (SonoAVC) automatically identifies and measures the dimensions of hypoechogenic areas within datasets acquired using three-dimensional ultrasound. The objective of this study was to evaluate the predictive value of automated antral follicle counts according to their relative sizes in women undergoing assisted reproduction treatment (ART).
Introduction
Ultrasonographic assessment of the total number of antral follicles measuring 2 -9 mm is a reliable determinant of ovarian reserve (Scheffer et al., 2003; Ng et al., 2005; Jayaprakasan et al., 2008) . The pool of antral follicles comprises pre-antral and early antral follicles (0.2 -2.0 mm) that are largely gonadotrophin-independent, small antral follicles (1.0 -6.0 mm) selectable due to their responsiveness to gonadotrophins, and larger antral follicles (.6.0 mm) that are gonadotrophin-dependent (Gougeon, 1989) . At any given timepoint during the menstrual cycle, the ovaries contain follicles at different developmental stages and antral follicle counts must be made during the early follicular phase (Gougeon, 1998) . The total antral follicle count (tAFC) is made by counting the number of antral follicles measuring 2 -10 mm in both ovaries and can be estimated using two- (Scheffer et al., 2002) or three-dimensional ultrasound (Jayaprakasan et al., 2008) . The majority of studies evaluating the value of the antral follicle counts only consider the overall number and not the absolute size of the follicles, which may be a separate, independent predictor.
Anti-Müllerian hormone (AMH), also known as Müllerian inhibiting substance, is one of the best markers of ovarian reserve (DehghaniFirouzabadi et al., 2008; Nelson et al., 2009) . AMH is largely produced by the granulosa cells of pre-antral and small antral follicles measuring 6.0 mm or less (Modi et al., 2006) . While serum levels of AMH correlate with the total number of antral follicles (de Vet et al., 2002; van Rooij et al., 2005; Fanchin et al., 2007) , it is likely that these smaller antral follicles more accurately reflect ovarian reserve than the total population of follicles. The number of small antral follicles is also strongly correlated with other ovarian reserve tests, such as AMH, supporting the concept that these smaller follicles represent the functional ovarian reserve (Haadsma et al., 2007) . There is a linear decline in the number of antral follicles with age (Gougeon, 1994) and this is more apparent in the smaller antral follicles (,6 .0 mm) than the larger ones (.6.0 mm) (Scheffer et al., 2003; Haadsma et al., 2007) and their total number is, therefore, more reflective of the primordial follicle pool.
Assessment of the antral follicle population is commonly made using two-dimensional ultrasound, which is simply used to identify and count the number of small follicles within each ovary. The largest follicles should be measured to ensure that only follicles measuring 9.0 mm or less in diameter are included in the total count as larger follicles are more likely to be atretic (Khairy et al., 2008) . Assessment of follicle size requires measurement of each follicle in two dimensions and calculation of the mean diameter (Haadsma et al., 2007) . This can be very labour intensive and the reliability and validity of such measures are likely to be reduced when there are numerous follicles as it is difficult to ensure that each follicle is only measured once and none are missed. Three-dimensional ultrasound allows the user to acquire a volume of information, which can be examined offline and facilitates the implementation of various software programmes that enhance measurement accuracy and both intra-and inter-observer reliability (Raine-Fenning et al., 2003) . The most recent development has seen the introduction of automated data analysis, where mathematical algorithms allow the definition and differentiation of hypoechoic, fluidfilled areas within the acquired volume (Raine-Fenning et al., 2007) . Sono-automatic volume calculation (SonoAVC; GE Medical Systems, Zipf, Austria) also provides automatic estimation of the absolute dimensions of each three-dimensional fluid-filled area (Raine-Fenning et al., 2008b) . Each individual volume is given a specific colour and the automated measurements of its mean diameter (relaxed sphere diameter), maximum dimensions (x, y, z diameters) and volume are displayed in descending order from the largest to the smallest (RaineFenning et al., 2008a ). An unlimited number of volumes can theoretically be quantified and the software lends itself, therefore, to the examination of follicles within the ovary. Studies in patients undergoing ovarian stimulation have shown that SonoAVC provides automatic measurements of follicular diameter and volume that are more reliable and more accurate than comparable estimations made from twodimensional data (Raine-Fenning et al., 2007 , 2008b . The software can also be used to identify and quantify the total number of antral follicles in an unstimulated ovary and is more reliable than manual twoand three-dimensional ultrasound techniques in this respect (Deb et al., 2009) .
The primary aim of this study was to evaluate the value of antral follicles stratified according to their size, calculated automatically with SonoAVC, in the prediction of viable pregnancy 5 weeks following embryo transfer on ultrasound in women undergoing in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) as part of their assisted reproduction treatment (ART), and also to investigate the secondary outcome measures of response to controlled ovarian stimulation and both fertilization and cleavage rates.
Methods

Study design
A total of 156 consecutive subjects planning to undergo their first treatment cycle of IVF were prospectively recruited. Inclusion criteria included age ,40 years, body mass index (BMI) ,30, regular menstrual cycles of 24 -32 days duration, planned first cycle of IVF with or without ICSI and an early follicular phase FSH level of ,15 IU/l. All subjects underwent a pretreatment ultrasound assessment in the early follicular phase (cycle day 2 -5) of menstrual cycle. Clinical pregnancy, as confirmed by a transvaginal ultrasound scan performed 5 weeks following embryo transfer assessing the foetal viability, was taken as the primary outcome measure for analysis. Secondary outcome measures assessed included the number of mature oocytes, fertilized oocytes and cleaved embryos.
The trial was conducted in accordance with the ethical principles that have their origin in the Declaration of Helsinki on Ethical Principles for Medical Research Involving Human Subjects, adopted by the General Assembly of the World Medical Association (1996) , and the principles of the International Conference on Harmonization Guideline on Good Clinical Practice. The study was performed according to the protocol that was approved by the Nottingham Research Ethics Committee and the hospital's Research and Development Department. Informed, written consent was obtained prior to the enrolment of all subjects.
Data acquisition
A single investigator (J.S.C.) performed all the transvaginal ultrasound examinations using a Voluson Expert 730 TM and a four-dimensional, 5 -9 MHz transvaginal transducer. Our ultrasound technique has been described in detail before (Raine-Fenning et al., 2003) , but, in brief, comprised a preliminary conventional two-dimensional ultrasound assessment of the pelvis, to exclude any obvious pathology, followed by visualization of ovaries in their transverse and longitudinal planes and the subsequent acquisition of three-dimensional data using the volume mode. The volume mode, which displays a truncated sector, was adjusted to precisely define the area of interest, the sweep angle set to 908 and a threedimensional dataset acquired using the high quality, slow sweep mode, which results in the highest resolution. The resultant multiplanar display of the ovary was examined to confirm its inclusion in entirety. Datasets of both ovaries from each subject were stored on recordable digital video discs for subsequent analysis. The ultrasound settings, which have been published before (Jayaprakasan et al., 2008) , were standardized and maintained throughout the study and were, therefore, identical for all subjects.
Data measurement
A four-dimensional View TM (version 7.0, GE Medical Systems) was used for offline data analysis. The three-dimensional dataset was opened and displayed using the multiplanar view, which shows three sectional planes (A, B and C plane) simultaneously that are mutually related so that movement within one plane produces geometrically equivalent movements in the other two planes. These planes can be used to standardize the view of the ovary, or any three-dimensional dataset, and for this study we ensured that the A plane showed the ovary in its longitudinal section with the iliac vessels inferiolaterally and the B plane the transverse image orthogonal to this. This orientation automatically ensures that the image presented in the C plane demonstrates the coronal view of the ovary. The investigators had the advantage of being able to cross-check the number of follicles in any one plane against the two other image planes, which provides the observer with more spatial information than conventional imaging and results in more reliable and valid qualitative and Predictive value of automated antral follicle counts quantitative measurements (Scheffer et al., 2002; Jayaprakasan et al., 2008) . The quality of the image was adjusted and optimized, in terms of magnification, for all datasets and the 'render mode' entered to generate a three-dimensional rendered view of the ovary. The render box was adjusted to exclude as much extra-ovarian information as possible and to ensure that the whole ovary was included in the volume of interest. The threshold settings, which assign transparency associated with fluid to opaque voxels, were maintained for all datasets.
Once the dataset had been correctly positioned, SonoAVC was implemented. The individual follicles were then displayed with a specific colour and shown together with their dimensions and relative sizes. Preliminary work had shown that this initial automated assessment of the ovary missed many follicles, both within stimulated and unstimulated ovaries, which were readily evident to any observer (Deb et al., 2009) . These follicles were easily included in the analysis by manually clicking on them (Raine-Fenning et al., 2007) . Each additional antral follicle identified in this way was given a new colour and its dimensions displayed together with those follicles that were originally identified. The size of the follicles, as measured automatically and displayed with different colour codes on the screen, was subdivided according to the mean follicle sizes into those measuring ,2, 2.1 -4.0, 4.1 -6.0, 6.1 -8.0 and 8.1 -9.0 mm.
Treatment protocol
A long protocol, involving pituitary suppression with gonadotrophin releasing hormone agonists (500 mg/day of buserelin; Suprefactw, Aventis Pharma, Kent, UK or 800 mg/day of Nafarelin; Synarelw, Pharmacia, Milton Keynes, UK) started in the mid-luteal phase of the menstrual cycle, was used in all subjects. Ovarian stimulation was commenced once down-regulation was confirmed with a daily dose of either 225 IU of recombinant FSH (Gonal-F; Serono Pharmaceuticals Ltd, Feltham, UK) or 225 IU of human menopausal gonadotrophin (hMG) (Menopur; Ferring Pharmaceuticals Ltd, UK). The response to ovarian stimulation was monitored by ultrasound and serum oestradiol levels on an alternate day basis from the fifth day of FSH administration and human chorionic gonadotrophin (6500 IU of Ovitrelle; Serono Pharmaceuticals Ltd when using recombinant FSH or 5000 IU of Pregnyl; Organon Laboratories Ltd when using Menopur) administered when there were at least three follicles measuring 18 mm or more in diameter with transvaginal, ultrasoundguided oocyte retrieval scheduled 36 h later. One or two embryos were replaced according to the wishes of the couple and the number of embryos available 48 h later. From the day of embryo transfer, luteal support was provided through the self-administration of progestogen pessaries (Cyclogest; Shire Pharmaceuticals Ltd, Basingstoke, Hants, UK). A urine pregnancy test was performed 16 days from the day of embryo transfer and subjects with positive tests had the viability, position and growth of their pregnancy confirmed by a transvaginal ultrasound scan 3 weeks later at 7 weeks of gestation if the date of embryo transfer is considered as the time of implantation.
Statistical analysis
The statistical package for the social sciences (version 15.0; SPSS, Chicago, IL) was used for data analysis. The distribution of the data was checked for normality using a normal probability plot. An unpaired t-test or MannWhitney U-test, applied to normally distributed and skewed data, respectively, were used to examine significant differences in each variable between pregnant and non-pregnant groups. A P-value of ,0.05 was considered statistically significant and to have not occurred by chance.
Linear regression analysis was used to assess the value of each individual variable including age and antral follicles, both overall and according to their mean diameter, for the prediction of the number of mature oocytes retrieved, the number of fertilized oocytes and the number of embryos at cleavage stage. Multiple linear regression analysis was then used to identify the most significant predictor of the ovarian response outcome parameters. Binary logistic regression analysis was then applied to evaluate the effect of the same variables on the prediction of pregnancy. Receiver operating characteristic (ROC) curve analysis was performed to quantify the ability of any significant predictors to discriminate between pregnant and non-pregnant subjects. Areas under the ROC curves (AUC ROC ) were compared using the MEDCALC software package (version 9.5.2.0; MedCalc Software, Mariakerke, Belgium) (Hanley and McNeil, 1983) .
Results
Of the 156 subjects recruited, a total of 142 were included in the final analysis of the primary end-point: viable pregnancy on ultrasound 5 weeks following embryo transfer. Of the 14 subjects excluded from this analysis, 8 were excluded prior to ovarian stimulation: 3 were found to have a well-defined ovarian cyst requiring ovarian cystectomy, 2 failed to down-regulate adequately and had their treatment cancelled and 3 decided to enter the oocyte-share scheme after recruitment. The other six patients excluded after oocyte retrieval, three had failed fertilization and three had failed cleavage, as this precluded analysis of the primary outcome measure.
The number of subjects included in the analysis of the secondary end-points varied according to the outcome. A total of 151 subjects could be included in the final analysis of the number of mature oocytes; the 5 subjects excluded included the 3 with ovarian cysts and the 2 subjects who failed to down-regulate adequately. The three subjects who entered the oocyte-share scheme and the six excluded from the analysis of the primary end-point were included, as data on the number of mature oocytes were available. A total of 148 subjects were included in the final analysis of the number of fertilized oocytes and cleaved embryos. The eight subjects excluded included the three with ovarian cysts, the two who failed to downregulate adequately and the three who entered the oocyte-share scheme.
The mean (SD; range) age and BMI of the whole study group were 34.30 (4.51; 23.00-39.86 years) and 25.67 (3.24; 22.21 -28 .97 kg/m 2 ), respectively. Seventy-six (51.35%) subjects had standard IVF and the remaining 72 (48.65%) ICSI to facilitate fertilization. Fifty-two (35.14%) subjects were given hMG as the ovarian stimulant and 96 (64.86%) rFSH. Seventy-three (51.41%) subjects had a viable clinical pregnancy confirmed on transvaginal ultrasound scan 5 weeks following embryo transfer and the remaining 69 (48.59%) had a negative pregnancy outcome, which included a negative pregnancy test in 64 subjects and a non-viable pregnancy on ultrasound in 5 subjects. The pregnant and the non-pregnant groups were compared for age, type of treatment (IVF/ICSI), type of gonadotrophin used (rFSH/ hMG), size of antral follicles, number of total oocytes, number of mature oocytes, number of fertilized oocytes, number of cleaved embryos and grade of embryos using a Mann-Whitney U-test as they were not normally distributed ( ; range 3-43, respectively). However, subgroup analysis on the basis of absolute follicle size revealed that the differences between the groups in the number of antral follicles were restricted to the smaller follicles measuring ,2.0 and 2.1-4.0 mm as there were no differences in the number of follicles measuring 4.1-6.0, 6.1 -8.0 or 8.1-9.0 mm. There were also no differences between the pregnant and the non-pregnant groups in the type of gonadotrophin used for ovarian stimulation, the type of treatment employed for fertilization or in the grade of embryos (Table I) .
Since age is related to the number and size of the antral follicles as well as the outcome of various ovarian reserve tests (Broekmans et al., 2006) , linear regression analysis of age and the different cohorts of antral follicles, according to their mean diameter, was applied individually for the prediction of the number of mature oocytes retrieved, number of fertilized oocytes and the number of embryos reaching cleavage stage (Table II 8.1-9.0 mm, were significant predictors of the number of mature oocytes, fertilized oocytes and cleaved embryos. However, when multiple regression analysis, including the age and antral follicle number stratified according to the mean follicular diameter, was applied, the cohort of antral follicles measuring 2.1-4.0 mm in size was the only significant predictor of these outcome measures of ovarian response (Table III) . A significant correlation coefficient (R) was found between the antral follicles measuring 2.1-4.0 mm and age (R ¼ 20.189; P ¼ 0.024), the number of total oocytes retrieved (R ¼ 0.453; P , 0.001), the number of mature oocytes (R ¼ 0.431; P , 0.001), the number of fertilized oocytes (R ¼ 0.343; P , 0.001) and the number of embryos at cleavage stage (R ¼ 0.347; P , 0.001). However, the correlation was not significant between the number of follicles measuring 2.1 -4.0 mm and the grade of the embryos (R ¼ 0.144; P ¼ 0.087) or the total dose of gonadotrophin used for ovarian stimulation (R ¼ 20.084; P ¼ 0.303) (Fig. 1) . Univariate analysis suggested that most of the variables were significant predictors of pregnancy outcome. However, only the cohort of antral follicles measuring 2.1-4.0 mm in size remained a significant predictor of clinical pregnancy when logistic regression analysis was applied to all the variables (Table IV) . ROC curve analysis of the variables predictive of pregnancy on univariate analysis also showed a maximum AUC for antral follicles measuring 2.1 -4.0 mm. The AUC for 2.1-4.0 mm follicles (0.693) was not significantly different to that of age (0.634), fertilized oocytes (0.633) and cleaved embryos (0.632). However, the AUC for mature oocytes (0.585) and mean embryo grade (0.577) was significantly less (Fig. 2) .
The sensitivity, specificity, positive and negative predictive value, positive likelihood ratio and post-test probability for the prediction of pregnancy at different cutoff levels for the cohort of antral follicles measuring 2.1 -4.0 mm are shown in Table V. While the optimum cutoff level, as indicated by the highest sum of sensitivity and specificity, was at three or more, there was an increasing trend of post-test probability for the prediction of pregnancy with the increasing number of these follicles, with a highest positive predictive value (PPV) noted at a cutoff level of six or more.
Discussion
This is the first study to evaluate different cohorts of antral follicles, based on their absolute size, in the prediction of reproductive outcome in subjects undergoing IVF treatment. Our results show that the number of small antral follicles measuring between 2.1 and 4.0 mm is a significant predictor of viable pregnancy confirmed on ultrasound 5 weeks following embryo transfer, independent of age, the number of mature oocytes obtained, fertilization rates, the number of cleaved embryos and the grade of embryos transferred.
One study has considered the different sizes of antral follicles and reported that the pregnancy rates were higher in women with higher number of 5 -10 mm size antral follicles (Pohl et al., 2000) . However, they also included follicles measuring up to 20 mm in their 'tAFC' and found that cycle cancellation due to poor ovarian response was higher in women with a dominant number of antral follicles measuring more than 11 mm. Multiple regression analysis, in our study, however demonstrated that the small antral follicles, measuring between 2.1 and 4.0 mm, are the most significant predictor of the number of mature oocytes retrieved following IVF treatment and : It is a measure of variability in the outcome due to the predictors; standardized b: expresses the number of standard deviation that the outcome changes due to a single standard deviation change in the predictor; CI: 95% confidence interval.
that this is independent of age and the other cohorts of antral follicles. This is in keeping with the work of Pellicer et al. (1998) , who looked at the number of small, selectable antral follicles in young, low responders with normal basal FSH levels. Those women with an unexpected poor response were found to have a significantly lower number of follicles measuring between 2 and 5 mm than age-matched controls. In our study, linear regression analysis also revealed a significant predictive relationship between follicles measuring 2.1 -4.0 mm and fertilization rates and the number of cleaved embryos. This supports the notion that the smaller antral follicles are the follicles that truly reflect the ovarian potential and are most predictive of response to controlled ovarian stimulation during IVF treatment. Several studies suggest, however, that the total number of antral follicles is predictive of reproductive response (van Rooij et al., 2002; Hendriks et al., 2005; Muttukrishna et al., 2005) . It is possible that the smaller, more responsive follicles comprise the majority of the follicle population included in the total count in these individuals and that this masks the importance of the smaller follicles. AMH has also been suggested as an important predictor of response to ovarian stimulation. Ficicioglu et al. (2006) , for example, found that the levels of AMH predict the number of oocytes retrieved with a positive predictive value of 96% and other groups have reported a strong correlation between the number of oocytes retrieved and both the AMH levels and the total number of antral follicles (de Vet et al., 2002; van Rooij et al., 2005; Fanchin et al., 2007; Dehghani-Firouzabadi et al., 2008) . AMH is produced by the granulosa cells of the early growing, pre-antral and small antral follicles, which measure less than 6 mm, but not by non-atretic, larger antral follicles or those that have become atretic, and may reflect or represent the population of smaller antral follicles more than the overall number (Baarends et al., 1995; Gruijters et al., 2003; Weenen et al., 2004; Skalba et al., 2008) . Based on our results, further studies evaluating ovarian response and reproductive outcome based on the number of small antral follicles and AMH levels are warranted. The primary outcome measure evaluated in this study was a viable intrauterine pregnancy confirmed on a transvaginal ultrasound scan 5 weeks after embryo transfer. Several factors are thought to influence the chance of pregnancy after IVF treatment and in this study we considered age, the total number of antral follicles and the number of follicles within each size cohort, the type of gonadotrophin used, the technique used for fertilization (IVF/ICSI), the number of mature oocytes retrieved, the number of fertilized oocytes, the number of cleaved embryos and the grade of embryos transferred. Logistic regression revealed that the only variable predictive of clinical pregnancy was the number of antral follicles measuring between 2.1 and 4.0 mm [Exp(B) ¼ 1.221; 95% CI ¼ 1.072 and 1.391; P ¼ 0.003). ROC curve analysis of the variables predictive of pregnancy showed a maximum AUC for antral follicles measuring 2.1 -4.0 mm. Furthermore, the AUC for age (0.634) did not differ significantly from that achieved using the number of small follicles, suggesting that the number of follicles measuring 2.1 -4 mm may offer some additional discriminatory potential above that of conventional markers of ovarian reserve. The number and distribution of small antral follicles could be used to stratify treatments and devise randomized controlled trials to evaluate the effect of different treatment protocols, different gonadotrophin combinations and drug dosages on outcome using the number of oocytes and possibly embryo quality as primary outcome variables. Ovarian ageing is known to influence the ovarian response to stimulation, as measured by the oocyte yield at retrieval, and is characterized by the progressive depletion of the primordial follicular cohort (Broekmans et al., 2007) . The antral follicle count is positively correlated with the primordial follicular population (Gougeon, 1996) and is, therefore, a significant predictor of poor ovarian response. Haadsma et al. evaluated antral follicles of different sizes and found a decline in the number of small antral follicles with increasing age, whereas the number of larger follicles remained constant. In our study, we further subgrouped the small and large antral follicles and found a similar significant correlation between age and cohort of follicles measuring 2.1-4.0 and 4.1 -6.0 mm. In this study, we did not include women above the age of 40 who are expected to have a much lower chance of pregnancy as a result of impaired oocyte quality, as illustrated by lower implantation rates even when the ovarian response is deemed acceptable and when there are an adequate number of embryos available for transfer (van Rooij et al., 2003) . It would be interesting to examine the relative proportions of the different cohorts of antral follicle in these women, but one would expect a reduction in the smaller follicles.
The results of our study must be interpreted with caution and are not generally applicable as we only included subjects predicted to have a normal response, as assessed by age and FSH levels of ,15 IU/L, undergoing their first cycle of IVF. Further work is required in women who have demonstrated a poor or exaggerated response to ovarian stimulation and the predictive value of the different cohorts of antral follicles compared with other markers of ovarian reserve, especially AMH which has emerged as one of the most powerful predictors of response and reproductive outcome following ART (Wunder et al., 2008; Nelson et al., 2009 ).
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